In vitro, large amounts of neopterin are released from human monocyte-derived macrophages and dendritic cells primarily upon stimulation with Th1-type cytokine interferon-γ (IFN-γ). IFN-γ also induces the enzyme indoleamine 2,3-dioxygenase (IDO), which degrades tryptophan (TRP) to form kynurenine (KYN). IDO-mediated TRP catabolism is very effective in suppressing the proliferation of T lymphocytes as well as of pathogens in vitro and in vivo. In this study, we investigated whether exogenously added neopterin may influence IDO activity in resting and in stimulated peripheral blood mononuclear cells (PBMC). PBMC were isolated from healthy donors, and neopterin was added in a concentration range from 0.01 to 50 μmol/L. After 30 min, PBMC were stimulated or not with 10 μg/mL of mitogen phytohemagglutinin (PHA). After 48 h, culture supernatants were collected, KYN and TRP concentrations were measured by high-performance liquid chromatography, and the ratio of KYN vs. TRP was calculated as an estimate of IDO activity. Spontaneous as well as PHA-induced TRP breakdown was suppressed by exogenously added neopterin in a dose-dependent way; the lowest active concentration of neopterin was < 100 nmol/L. As neopterin concentrations in the nanomolar range are commonly observed in patients suffering from infections, sepsis, or uremia, our results suggest that neopterin formation might also serve as a feedback mechanism to slow down TRP degradation in vivo.
Introduction
Increased formation of the low-molecular-mass (253 Da) compound neopterin (d-erythro 1′,2′,3′-trihydroxypropylpterin) is observed in various diseases associated with activated cell-mediated immunity including infections, autoimmune diseases and certain malignancies [1] . Neopterin belongs to the class of pteridines, the most prominent members of which are vitamin folic acid and 5,6,7,8-tetrahydrobiopterin (BH4), an essential cofactor of several aromatic amino acid monooxygenases and nitric oxide (NO) synthases (NOS) [2] . The key enzyme for the biosynthesis of pteridines is GTP cyclohydrolase-I (GCH, EC 3.5.4.16), which is inducible by pro-inflammatory stimuli and preferentially by the Th1-type cytokine interferon-γ (IFN-γ). Human and primate monocytederived macrophages (MΦ) and dendritic cells (DC) are unique as compared with other human cells or cells from other species due to a relative deficiency of the subsequent enzyme in the biosynthesis of BH4, pyruvoyl tetrahydropterin synthase (PTPS) [3, 4] . PTPS catalyses the conversion of intermediate 7,8-dihydroneopterin triphosphate to sepiapterin and BH4. In the absence of relevant PTPS activity in human MΦ and DC, 7,8-dihydroneopterin triphosphate is converted by phosphatases to neopterin and 7,8-dihydroneopterin [2] . Therefore, once stimulated with IFN-γ, these cells produce neopterin at the expense of BH4 [3] [4] [5] .
The pro-inflammatory cytokine IFN-γ is released in large amounts during Th1-type immune responses, and it represents probably the most important anti-proliferative cytokine [6] . It induces several biochemical pathways including the formation of reactive oxygen species (ROS) [6] and the expression and/or activity of pteridine-forming enzyme GCH [2] and tryptophan (TRP)-degrading enzyme indoleamine 2,3-dioxygenase (IDO, EC 1.13.11.52) [7, 8] . Degradation of the essential amino acid TRP to kynurenine (KYN) by IDO lowers available TRP, which is required for the biosynthesis of proteins. As a consequence of decreased TRP availability, the growth of pathogens and proliferating cells is arrested [9, 10] . Accordingly, activation of IDO represents an important antimicrobial and/ or antitumoral defense mechanism [8] . IDO is expressed by various cells such as MΦ, DC, fibroblasts, endothelial and epithelial cells in various species. Beside IFN-γ, which is the main inducing stimulus, lipopolysaccharide (LPS), tumor necrosis factor α (TNF-α) or other pro-inflammatory stimuli also may induce IDO expression and activity [7, 8] .
Moreover, hepatic TRP 2,3-dioxygenase (EC 1.13.11.11) is able to degrade TRP; therefore the estimation of other immune activation markers such as neopterin, IFN-γ or other cytokines is necessary to finally link TRP degradation to Th1-type situations [7, 8, 11] .
In human MΦ and DC, TRP breakdown occurs in parallel to the formation of neopterin [7] . Thus, in vitro and in patients suffering from distinct clinical conditions like viral infections, autoimmune diseases, allograft rejections and several malignant diseases, elevated neopterin concentrations are usually detected concomitantly with enhanced IDO activity as reflected by increasing KYN concentrations and a decline of TRP [10] . However, TRP degradation can also suppress the proliferation of T cells leading to immunodeficiency as an unwanted side-effect [12, 13] .
Earlier, neopterin was reported from in vitro studies to interfere with various redox-sensitive intracellular signaling pathways, thereby stimulating, e.g., translocation and activation of nuclear factor-κB (NF-κB), the expression of inducible nitric oxide synthase (iNOS) and cytokine TNF-α, as well as of intercellular adhesion molecule-1, and inducing apoptosis [14] [15] [16] [17] [18] . Furthermore, neopterin levels can be used as a measure of cellular immune activation and oxidative stress in vivo, as its production is associated with increased ROS and low serum concentrations of antioxidants [1] .
So far, parallel TRP degradation and neopterin production are linked due to the common upstream inductor IFN-γ, and concomitant determination of neopterin levels is used to confirm IDO-mediated TRP degradation in Th1-type settings in vitro and in vivo. This study investigates whether exogenously added neopterin influences TRP levels in a model system of peripheral blood mononuclear cells (PBMC) treated or not with mitogen to stimulate TRP degradation [19] .
Materials and methods

Chemicals
Neopterin was obtained from Schircks Laboratories (Jona, Switzerland), and phytohemagglutinin (PHA) from Sigma Aldrich (Vienna, Austria). Substances were dissolved in phosphate buffered saline (PBS) and stored at -20°C until use.
Cell culture experiments
For cell culture experiments, PBMC were isolated from fresh blood of healthy volunteer blood donors, from whom written informed consent was obtained that their donated blood might be used for scientific purposes in case it was not selected for transfusion. After dilution in PBS, the separation of blood cells was performed by density centrifugation using Biocoll solution (MedPro, Vienna, Austria). The isolated cells were washed three times with PBS supplemented with 0.3% EDTA (0.5 mmol/L) (Merck, Darmstadt, Germany). PBMC were cultivated in RPMI 1640 (MedPro, Vienna, Austria) containing 10% heat-inactivated fetal calf serum (FCS), 2 mmol/L of l-glutamine and 50 μg/mL of gentamicin (both from Serva, Heidelberg, Germany), and incubated in moist atmosphere at 37°C and 5% CO 2 [19] . For the experiments, cells were seeded at a density of 1.5 × 10 6 cells/mL. At first, PBMC were preincubated for 30 min with or without increasing concentrations of neopterin, then they were stimulated with 10 μg/mL of PHA or not. The concentration of 10 μg/mL PHA has been documented earlier to allow optimal stimulation of cells without reaching a plateau [19] . Every experiment was performed in duplicates and repeated at least three times using cells of different donors. After 48 h, the experiments were stopped and culture supernatants were harvested by centrifugation. At this time point, the accumulated TRP breakdown and neopterin formation reached a plateau [19] .
IC 50 concentration was calculated by using the CalcuSyn software from Biosoft (Cambridge, UK) [20] . The viability of cells was tested by the CellTiter Blue assay (Promega, Madison, WI, USA).
Determination of TRP and kynurenine (KYN) concentrations
Concentrations of TRP and KYN were measured in cell culture supernatants using high-performance liquid chromatography (ProStar Varian, Palo Alto, CA, USA) with 3-nitro-l-tyrosine (Sigma-Aldrich) as internal standard [21] . KYN and 3-nitro-l-tyrosine (Sigma-Aldrich) concentrations were determined by means of their UV absorption at 360 nm of wavelength. Fluorescence at 366 nm of wavelength emitted by TRP was measured under exposure to light at 286 nm of wavelength (ProStar Varian). KYN/TRP ratio was calculated to estimate IDO activity and expressed in micromoles of KYN per millimoles of TRP [21, 22] .
Statistical analysis
TRP concentrations are expressed as percentage of medium content, and KYN and KYN/TRP as percentage of control cells, i.e., either for unstimulated cells or for cells stimulated with PHA. Results are shown as mean values ± standard error of the mean (SEM). Results for the tests with neopterin concentrations of between 10 and 100 nmol/L were summed up as one group to increase the statistical power of group comparisons. For comparison of groups, the KruskalWallis and Mann-Whitney U-tests for nonparametric analysis were applied, because not all data sets showed normal distribution. p Values below 0.05 were considered to indicate significant differences.
Results
RPMI medium supplemented with 10% FCS contained 37.0 μmol/L of L-TRP. The average TRP concentration measured in supernatants of unstimulated cells was 26.2 ± 1.8 μmol/L ( = 70% of initial medium content). Average KYN concentrations were 1.7 ± 0.2 μmol/L, and average KYN/ TRP was 70 ± 12 μmol/mmol.
Treatment of unstimulated cells with neopterin showed no significant influence on TRP concentrations (Figure 1 ). However, upon exposure to neopterin (0.01-50 μmol/L), KYN concentrations decreased significantly and dose dependently to a minimum of 26 ± 6.3% of baseline at a neopterin concentration of 50 μmol/L (all p < 0.05) (Figure 1) . Similarly, the exposure of cells to neopterin decreased KYN/TRP dose dependently to a minimum of 26.8 ± 6.8% of baseline at 50 μmol/L of neopterin (all p < 0.05) (Figure 1) .
Stimulation of PBMC with PHA increased TRP breakdown significantly; TRP concentrations decreased to about 17% of medium content (p < 0.01). Except for the lowest concentration (0.01 μmol/L), treatment with neopterin increased TRP concentrations significantly in comparison to PHA-stimulated controls (all p < 0.05). At a concentration of 50 μmol/L of neopterin, TRP concentration was 54 ± 3% of initial medium content (Figure 2 ). Neopterin administration decreased KYN production significantly; application of all dilutions led to a dose-dependent decline in KYN concentrations, reaching 9.6 ± 6.7% with 50 μmol/L of neopterin compared to PHA-treated controls (all p < 0.05) (Figure 2) .
Treatment of PBMC with neopterin led to lower KYN/ TRP, with all concentrations reaching a minimum of Results are expressed as % of baseline (or as % of initial medium content for tryptophan), and columns show mean ± standard error of the mean; *p < 0.05.
3.7 ± 1.9% compared to PHA-stimulated control cells when 50 μmol/L of neopterin was used (all p < 0.05) (Figure 2 ). Calculated IC 50 concentration for KYN production was 143 nmol/L of neopterin for stimulated PBMC and 486 nmol/L for unstimulated PBMC.
Discussion
The stimulation of PBMC with mitogen PHA significantly induced IDO activity as reflected by a significant decline in TRP concentrations and a parallel increase in KYN production and KYN/TRP ratio. Pre-exposure of PBMC to neopterin suppressed this mitogen-induced TRP degradation in a dose-dependent way. The lowest active concentration of neopterin was ≤ 100 nmol/L; the calculated IC 50 was 143 nmol/L in stimulated and 486 nmol/L in unstimulated PBMC. As the T-cell-derived Th1-type cytokine IFN-γ is the primary inducer of IDO and thus of TRP degradation in MΦ, our data suggest a suppressive effect of neopterin on the formation and release of IFN-γ in human mitogenstimulated PBMC. Also, direct effects of neopterin on MΦ or on IDO enzyme itself might have contributed to the stabilization of TRP levels.
The concentrations of neopterin, which were effective in our in vitro system, appear to be rather high when compared to normal neopterin levels averaging 5.2 nmol/L, which are detectable in the blood of healthy controls [1] . However, in the circulation of patients with, e.g., sepsis, HIV infection or cancer, sometimes levels higher than 50 or 100 nmol/L can be observed [1, [23] [24] [25] . In dialysis patients, neopterin concentrations as high as 500 nmol/L have been reported [26] . Even higher neopterin concentrations have been extrapolated at the site of the inflammatory response [27] . With these considerations, the effects of neopterin seen in our in vitro study could be of relevance also under in vivo conditions. The cells used in this study were human PBMC, which under stimulatory conditions themselves produce significant amounts of neopterin, which can reach up to 50 nmol/L [19] . Thus, any effects of supplemented neopterin at concentrations lower than 50 nmol/L cannot be detected easily.
In fact, increased neopterin production may represent a negative feedback loop during Th1-type immune response. It might even contribute to the development of immunodeficiency by slowing down the responsiveness of T cells when exposed to an antigenic stimulus. The regulatory circuit is very similar to that characterized for IDO earlier: IDO induction is triggered in human monocytes/ macrophages by pro-inflammatory stimuli like leukocytederived IFN-γ [7, 8] . Then, TRP degradation very efficiently down-regulates T-cell activation cascades either by TRP deprivation or via production of toxic catabolites and induction of regulatory T cells [12, 28] . The effect of neopterin on the TRP breakdown by PBMC may relate to the influence of the compound on redox systems. Several experimental studies demonstrated that neopterin influences the biochemical pathways of oxidative stress, e.g., neopterin was found to enhance the effects of cytotoxic ROS originating from chloramine T and hydrogen peroxide [14, 18] , and neopterin triggered ROS production in neutrophils [29] . In contrast, neopterin treatment in a micromolar range has been shown to suppress the generation of superoxides by inhibiting NADPH oxidases in phorbol myristate acetate-stimulated rat macrophages [30] . In vascular smooth muscle cells, neopterin has been shown to stimulate the gene expression of iNOS with a subsequent increase in NO production [15] , and neopterin activated NF-κB by modulating the production and/or the effects of ROS intermediates in these cells, which are sufficient to trigger programmed cell death [16, 17] . A close association was observed in stimulated myelomonocytic THP-1 cells between the expression of NF-κB, the production of neopterin and the degradation of TRP [31] . Furthermore, neopterin was demonstrated to augment the formation and release of TNF-α in PBMC and in MΦ stimulated with LPS [16, 32] .
Summarizing these, at first glance, somewhat contradictory data, it appears that neopterin is able to downregulate T-cell functional responses, whereas it promotes the inflammation response in which the monocyte/macrophage population is central. This bidirectional influence is quite similar to that observed regarding effects mediated by ROS [33] .
Of note, neopterin is released from stimulated human monocyte-derived MΦ and DC at the expense of BH4, the cofactor of specific monooxygenases including iNOS. The iNOS product NO is a well-characterized inhibitor of the heme protein IDO [34] . The results of this study show that neopterin at moderately high concentrations inhibits IDO function. This effect is similar to that of NO. Because iNOS activity is almost completely absent in human monocytes/ macrophages [34] [35] [36] , neopterin might replace its effect on IDO. By contrast, monocytes-macrophages of species other than human and primates do not produce neopterin [37] but possess a functional iNOS system, which is able to down-regulate IDO as a kind of feedback to the underlying process of T-cell activation.
Increased neopterin concentrations are found together with accelerated TRP breakdown in various diseases including infections, cardiovascular disease, autoimmune diseases, malignant diseases and also certain malignancies [1, 11] . In these clinical conditions, increased neopterin production is often accompanied by a significant decline in TRP concentrations in serum or plasma and an increase in KYN production and KYN/TRP ratio [11] . The enhanced IDO activity may induce immunodeficiency, when T cells begin to suffer from TRP shortage and toxic products of TRP breakdown accumulate [12] . In addition to the negative effects of IDO activity on T-cell activation cascades, neopterin production can also contribute to the development of immunodeficiency because neopterin is released by MΦ under the same conditions when the cells exert their antiproliferative activities. Notably, patients with cancer, HIV-1 infection or on hemodialysis [22] [23] [24] [25] [26] , who exhibit increased neopterin levels, are well known to be characterized by secondary immunodeficiency.
Our results show that neopterin down-regulates PHAmediated TRP degradation in PBMC in a dose-dependent manner. The concentrations of neopterin effective in our in vitro system are commonly observed in patients suffering from infections like HIV-1 but also during sepsis and in hemodialysis patients. According to our data, neopterin production may contribute to the development of T-cell unresponsiveness in patients with sustained overwhelming neopterin production, while the function of monocytes/macrophages is supported by neopterin. Further studies are needed to clarify this point.
